To investigate the possible mechanism of maintenance of old human influenza A (H3N2) viruses in pigs, the haemagglutinins (HAs) of seven isolates from swine were studied by analysis of nucleotide and deduced primary amino acid sequences, as well as reactivity of the HA molecule to chicken antisera and monoclonal antibodies. The swine HAs were closely similar to the HA of the A/Victoria/3/75 human variant as regards antigenic and molecular characteristics. These findings are consistent with the hypothesis that the swine HA genes were transmitted from an early human H3 virus to pigs, where they survived with limited mutations over a period of 5 years, The sequence data were also compared with swine H3 sequences to investigate genetic relationships between the H3 genes from swine viruses isolated in different geographical areas. An evolutionary tree, constructed from the nucleotide sequences of viruses isolated from pigs in China and in Italy, illustrated that, depending on the country of their isolation, the HA genes of swine influenza A (H3N2) viruses have different origins, e.g. human and avian, and evolved independently in different lineages. The study provides direct support for the hypothesis that pigs might serve as a 'mixing vessel' for the generation of pandemic strains of human influenza viruses.
Introduction
The widespread distribution of influenza A viruses in mammals and birds and the possibility that these viruses may be involved in the origin of new pandemic strains have led to increased efforts to understand the ecology of influenza viruses in animals (Scholtissek et al., 1978 (Scholtissek et al., , 1983 Kida et al., 1987; Shortridge et al., 1990; Austin et al., 1990; Donatelli et al., 1991) .
Influenza A (H3N2) viruses antigenically similar to earlier human strains continue to be isolated from pigs many years after their disappearance as epidemic strains from the human population (Ottis et al., 1982; Kida et al., 1988; Shortridge et al., 1977; Mancini et al., 1985) . The origin of these viruses and the mechanism of maintenance of'old' antigenic variants in pigs are still unclear. These influenza viruses have probably been transmitted to pigs at the time they circulated in humans.
The nucleotide sequence data reported in this paper have been submitted to the EMBL database and assigned the accession numbers X73489, X73490 and X73491.
The short life-span of pigs (approximately 6 to 12 months) allows the viruses to be maintained without being subjected to antibody selection pressure. Furthermore, the frequent introduction of juvenile and susceptible animals into the herds provides the viruses with the opportunity to circulate substantially unchanged. For these reasons these viruses could be conserved in the swine population with only minor drifts in their antigenicity.
The persistence of human influenza virus variants in pigs could serve as a potential reservoir for subsequent infection of man, as well as a possible source of genetic information for recombination between human, porcine and avian strains of influenza virus (Scholtissek et al., 1978; Laver & Webster, 1973 , 1979 . We previously showed that genetic reassortment took place between avian and human-like viruses in Italian pigs in 1983 (Castrucci et al., 1993 . These findings are compatible with the hypothesis that swine may serve as intermediates for the introduction of avian influenza virus genes into the human virus gene pool, allowing the emergence of new pandemic strains by reassortment (antigenic shift) (Scholtissek et al., 1985) .
This study reports an antigen analysis of seven influenza A (H3N2) viruses of swine origin, isolated in Northern Italy from 1983 to 1987 and related to the earlier A/Victoria/3/75 human variant. H3 genes of human origin (Min Jou et al., 1980; Verhoeyen et al., 1980; Both et al., 1983) , equine origin (Daniels et al., 1985; and duck origin (Fang et al., 1981 ; Kida et al., 1987; Austin et al., 1990) have been extensively sequenced, whereas there are only a few sequence reports for H3 genes of swine origin (Kida et al., 1988; Bean et al., 1992) . Therefore, the HA1 coding regions of three of the swine isolates were sequenced to provide information on the extent of genome variation of H3 haemagglutinins (HAs) in non-human hosts. The results of antigen and nucleotide sequence analyses indicated that the HA genes of these viruses are of human origin and that antigenicity of the influenza virus H3 is highly conserved.
To date, the evolutionary analyses of influenza virus H3 HA genes have been heavily biased toward human virus isolates. Clearly the lack of representative sequence data for swine viruses precludes an evolutionary analysis of viruses isolated from pigs. In this article we also describe studies tracing the evolution of the influenza H3 virus gene among strains of virus isolated from different animal species and in different geographical areas.
The phylogenetic relationships we uncover are consistent with the hypothesis that pigs could serve as a milieu for genetic reassortment of human and avian viruses, giving rise to new human pandemic strains.
Methods
Viruses. The strains under investigation were representative influenza A (H3N2) viruses isolated in Italy from pigs. They were obtained from nasal swabs and tracheal exudates of dead animals during severe episodes of respiratory disease in pig herds in Northern Italy. The samples (0.1 ml) were inoculated into the amniotic and/or allantoic cavities of 10-day-old embryonated hen's eggs. The eggs were incubated at 34 °C for 72 h and the harvested fluids were tested for haemagglutinating activity with chick red blood cells (RBC). The isolations occurred throughout the year, but most frequently in autumn and winter.
Serological tests. The viruses isolated were antigenically characterized by the haemagglutination inhibition (HI) test, according to standard procedures (U.S. Department of Health and Human Service, 1982) . The human influenza virus prototypes used in this study were kindly supplied by Dr J. Skehel (World Influenza Centre, London, U.K.). Ten monoclonal antibodies (MAbs), recognizing six epitopes on A/Hong Kong/1/68 HA and four epitopes on A/Port Chalmers/1/73 HA, used for further antigenic analysis, were also kindly provided by Dr J. Skehel.
Polyclonal antisera against swine reference antigens were produced by immunizing chickens with semi-purified virus.
Nucleotide sequence analysis. Nucleotide sequences of the HA 1 genecoding regions were determined using the dideoxynucleotide chainterminating method of Sanger et al. (1977) and 5' aZP-labelled oligodeoxynucleotide primers of reverse transcription as described before .
Reactions were primed using the following synthetic oligodeoxynucleotides, numbered according to the sequence of A/Aichi/2/68 cDNA for HA: (5') 5 AAAGCAGGGG, 191 TGCTACTGAGCTG, 367 GTTACCCTTAT, 501 GGGCCTGATAGC, 609 TACATTTG-GGGG, 747 AGGGGTCTGTCT, 831 ATTGCTCCTCGGGG.
The Intelligenetics Microgeuie software package was used for analysis and translation of nucleotide sequence data. ; A/Equine/Johannesburg/86 ; A/Equine/France/73 (Bean et al., 1992) . (ii) Human strains (H3N2): B/Lee/40 (Briedis & Tobin, 1984) , A/Bangkok/I/79, A/NT/60/68 , A/Victoria/3/75 (this report), A/Port Chalmers/1/73 (Both et al., 1983) , A/Memphis/102/72 , A/Memphis/I/71 (Newton et al., 1983) , A/Aichi/2/68 , A/USSR/3/85 (Bean et al., 1992) . (iii) Avian strains (H3N8): A/Duck/Ukraine/i/63 (Fang et al., 1981) (Kida et al., 1987; Fang et al., 1981) . (iv) Swine strains (H3N2): A/Swine/Hong Kong/126/82, A/Swine/Hong Kong/81/78 (Kida et al., 1988) , A/Swine/Colorado/ 1/77, A/Swine/Ukkel/1/84 (Bean et al., 1992) , A/Swine/Italy/ 309/83, A/Swine/Italy/520/85, A/Swine/Italy/635/87 (this report).
The phylogeny of the HA genes was determined by a maximumparsimony analysis of nucleotide sequences to determine the minimum number of mutations needed to account for sequence differences. Phylogenetic analysis of sequence data was performed with the PAUP software package version 2.4.1 (Illinois Natural History Survey, Champaign, Ill., U.S.A.). Tree horizontal lengths are proportional to the number of substitutions on the branches.
Results

Characterization of the HAs of influenza A (H3N2) virus swine isolates with polyclonal sera and MAb preparations
Abbreviations of all influenza virus strains are shown in Table 1 . As shown in Table 2 , the swine influenza viruses reacted strongly with post-vaccination chicken sera to the A/Victoria/3/75 human reference strain and, to a lesser extent, with sera against the A/Hong Kong/1/68 and A/Port Chalmers/1/73 viruses in HI tests; no inhibition was observed with sera to more recent H3N2 strains isolated from humans, including A/Bangkok/ 1/79, A/Philippines/2/82, A/Mississippi/1/85 and A/ Sichuan/2/87 viruses. Thus, all the swine influenza A (H3N2) isolates were antigenically more closely related to earlier human influenza H3 virus strains than to the variants circulating at the same time in humans.
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Sequence analysis of the HA genes of the virus isolates
The antigenic differences between the viruses of swine origin and the human reference strains, detected by the above serological mapping, suggested the occurrence of genetic variations in the virus HAs during the transmission of the viruses from one species to another. To provide information on the molecular basis of the observed antigenic variations, the HA1 gene coding regions of three influenza virus isolates were sequenced and compared with the antigenically related A/Victoria/ 3/75 human prototype. The viruses were selected from those isolated in different years and consequently they were chronologically representative of the group of viruses under study (Fig. 1) . By analogy with the H3 HA sequence data previously reported , the initiation codon is at positions 30 to 32 and the cleavage site of the precursor HA occurs at an arginine residue coded by AGA at nucleotide positions 1062 to 1064. The encoded unprocessed HA1 would be 344 amino acids long with a signal peptide consisting of 16 amino acids.
The nucleotide sequence analysis indicated a high degree of genetic similarity among the swine isolates, with a nucleotide sequence identity ranging from 97.8 % to 98-7 %. As a considerable number of the nucleotide changes observed were silent, the identity between the deduced amino acid sequences was even higher, ranging from 98"3% to 99.1%.
The comparison between the deduced amino acid sequences of HAls of the three swine influenza virus isolates and A/Victoria/3/75 influenza virus used as a reference is shown in Fig. 2 . Twenty-four to 28 amino acid differences were found, giving overall sequence identities of 92"7 % to 91-4 %. The majority of differences occurred in regions other than the proposed antigenic sites and were randomly distributed throughout the molecule, unlike most of the human variants. Several changes were also found in highly conserved regions, such as those at residues 3, 7, 31 and 323, located in the stalk of the molecule near the virus membrane. Only one change, at position -13, occurred in the signal peptide (in SW/635).
Similar to the A/Victoria/3/75 virus prototype, seven potential glycosylation sites (Asn-X-Ser/Thr) occur at positions 8, 22, 38, 63, 126, 165 and 285, with the exception of the HA of A/Swine/Italy/309/83, which lacks a carbohydrate attachment site at position 126. The swine virus HAs first sequenced (Kida et al., 1988 ) lack a carbohydrate attachment site at position 63, like duck H3 influenza viruses. In contrast, the swine virus HAs described here have a potential glycosylation site at this position, which is characteristic of human H3 influenza viruses. The amino acid sequence of the swine HAs at residues 226 to 228, which is known to affect the receptor binding properties as well as the tissue tropism of the influenza viruses (Naeve et al., 1984) was found to be Leu-Ser-Ser, which is typical of human strains. Colorado/I/77 virus, isolated in previous years, as reported by Bean et al. (1992) . It is evident that there is a high degree of similarity between the Italian swine isolates and the A/Swine/Ukkel/1/84 strain, isolated in Belgium, which share most of the changes when compared to the A/Victoria/3/75 prototype. Like the Italian swine viruses, A/Swine/Ukkel/1/84 has a potential glycosylation site at position 63, which further underlines the similarity among this group of viruses and their human origin.
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Although the Italian swine viruses were not antigenically related to contemporary human isolates, we investigated the sequence relationships between them and the human H3 variant (A/USSR/3/85), isolated in the same period (1983 to 1987) . All of the Italian swine isolates revealed a much lower degree of sequence identity to this human strain (86 to 87.5%) than that observed with A/Victoria/3/75 prototype, which is consistent with the serological data.
To investigate the genetic relatedness among viruses circulating in pigs in different geographical areas of the world, we also included in our comparative analysis the -I0  1  I0  20  30  40  50  60  70  80  S  T KL  R  DS  K  MKT I IALSY I FCLVFAQDFpGNDNS TATLC LGHHAVPN~_GTLVKT I TNDQ I EVTNATE LVQS S S TGK I CNICpHR I IQ0  II0  120  130  140  150  160  170  180  190 200 Fig. 1 . A/Swine/Ukkel/1/84 and A/USSR/3/85 sequences were as reported by Bean et al. (1992) . Only the amino acid substitutions are given for A/Swine/Italy/309/83, A/Swine/Italy/520/85 and A/Swine/Italy/635/87 virus isolates. The glycosylation sites are underlined and the residues at positions 226 to 228 are asterisked.
HA1 amino acid sequence of A/Swine/Colorado/I/77. This sequence is shown in Fig. 2 , as reported by Bean et al. (1992) . It is evident that the swine virus isolated in North America is much more closely related to the A/Victoria/3/75 prototype than the viruses circulating in Europe, as shown by the lower number of the observed amino acid mutations: only 16 amino acid differences, giving an overall sequence identity of 95.3 %.
Phylogenetic tree of H3 HA gene nucleotide sequences
We wished to determine the evolutionary relationships of the HA genes of H3 viruses isolated from different species in different areas of the world. For this purpose we analysed phylogenetically the nucleotide sequences of three representative Italian swine isolates (A/Swine/ Italy/309/83, A/Swine/Italy/520/85 and A/Swine/ Italy/635/87), together with 31 previously published sequences (see Methods). Specifically, we included in our analysis nine human, eight avian, 10 equine and four swine virus isolates.
The phylogenetic tree (Fig. 3) revealed the existence of three distinct evolutionary lineages and indicated that the evolution of influenza virus HA genes occurred in different host-specific pathways.
In addition, the evaluation of the phylogenetic tree for viruses from the same species revealed that the HA genes of human influenza A viruses form their own branch, evolving as a single lineage since 1968, when the H3 subtype appeared in humans.
The HA genes of the equine influenza viruses included in the present analysis can be easily discerned as a separate branch when compared with the other influenza viruses; these genes formed a side lineage, branching off early from the ancestral gene and evolving independently since that time. Avian virus HA genes can also be traced as a separate branch on the phylogenetic tree, although the sharing of an ancestor with human HA genes is evident.
The seven swine influenza viruses included in the present phylogenetic study did not belong to the same lineage. Depending on the area of their isolation, they showed different evolutionary pathways: the two swine viruses isolated in China (A/Swine/Hong Kong/81/78 and A/Swine/Hong Kong/126/82) were genetically linked to avian virus lineages, whereas the three swine viruses isolated in Italy and A/Swine/Ukkel/1/84, isolated in Belgium, showed a clear genetic relatedness with human H3 viruses and, in particular, with the A/Victoria/3/75 influenza virus variant. A/Swine/ Colorado/1/77 virus, isolated in North America several years before, showed a much higher evolutionary relatedness with the above human prototype.
Evolutionary profiles of the HA genes differed according to the host animal, indicating the profound influence of host species on viral gene evolution. 
Discussion
The antigenic characterization by polyclonal antisera of the HAs of a group of seven influenza viruses isolated from pigs in the period 1983 to 1987 revealed a close relationship to the A/Victoria/3/75 strain, an early human influenza virus variant. Nevertheless more detailed antigenic mapping with MAbs indicated that the swine isolates were distinguishable, although very similar, to the human prototype, suggesting the occurrence of antigenic drift in the pig population.
The sequence analysis of the HA1 regions of the HA genes of three selected swine isolates (A/Swine/ Italy/309/83, A/Swine/Italy/520/85 and A/Swine/ Italy/635/87 strains), conducted to evaluate the molecular basis of the above serological findings, revealed some unexpected results. The overall degree of amino acid sequence identity of the viruses with the A/ Victoria/3/75 prototype was lower than that suggested by the antigenicity data, ranging from 92.7 % to 93 %.
Nevertheless, when considered according to their location, only a few amino acid substitutions were confined to regions of the molecule that would correspond with antigenic sites on the three-dimensional structure of the A/Aichi/2/68 HA molecule (Wilson et al., 1981; Wiley, 1987) . This limited variation in antigenically important domains correlates with the serological data, supporting the hypothesis that the lack of significant antibody selection pressure in pigs allows these viruses to survive in nature substantially unchanged in antigenic characteristics.
The biological meaning of the considerable number of changes located on regions highly conserved throughout the human serotypes is not known. However the acquisition or the loss of structurally important residues, such as glycine, in these positions could alter the tertiary structure of the HA, as compared to human strain HAs. Further studies are required to elucidate the functional significance of these mutations and their possible association with structural alterations of the protein and with host adaptation.
An overall similarity was observed between the HAs of the swine and human H3 virus strains as regards their glycosylation patterns. In particular the presence of a carbohydrate attachment site at position 63, which is found in viruses of human origin and lacking in avian strains (Kida et al., 1988) , underlines the homology between the HAs of human and swine H3 viruses. This close genetic relatedness was further emphasized by the presence of the same amino acid sequence (Leu-Ser-Ser) at residues 226 to 228 in the proposed receptor binding site (RBS) (Naeve et al., 1984; Wilson et al., 1981; Rogers et al., 1983) . The amino acid sequences in the RBS have been shown to influence the first step in the replication cycle, the virus attachment to the appropriate host cell receptor. Consequently, mutations in the HA RBS at residues 226 and 228 in HA1 may change the tissue tropism of the virus (Naeve et al., 1984) .
To provide information on the origin of human-like H3 influenza viruses in pigs we conducted an evolutionary study of the HA sequences of three representative Italian swine isolates with previously published sequences of the HAs of viruses isolated from different animal species in different areas of the world.
The results of our phylogenetic analysis clearly demonstrated that viruses isolated from pigs might have a different origin, according to the place of their isolation: viruses isolated from pigs in China have probably originated from avian species, whereas viruses isolated from pigs in Italy, as well as those isolated in Belgium (A/Swine/Ukkel/1/84) and in North America (A/Swine/Colorado/l/77), appear to be transmitted to the animals from humans. Thus, our findings demonstrate the susceptibility of pigs to infection by both human and avian influenza viruses, strongly supporting the idea that these animals could serve as genetic 'mixing vessels' for the introduction of reassortment viruses into the human population. This hypothesis in turn may explain the appearance of new pandemic viruses in the human population.
